Normal thymus function depends on the continuous thymic homing of haematopoietic progenitor cells (HPCs) derived from the bone marrow. Although resident thymic progenitor cells have been reported to be able to maintain autonomous T-cell development for months when the bone marrow is deprived of progenitors[@b1][@b2], a lack of competition during the self-renewal of resident thymic progenitor cells may lead to T-lineage acute lymphoblastic leukaemia[@b3]. However, on thymic injury, which is frequently observed during various stresses such as infection, ionizing radiation and chemotherapy, the thymic homing of HPCs appears to be a critical step for efficient thymic regeneration and T-cell recovery[@b4][@b5][@b6]. Given the markedly reduced thymic HPC homing efficiency on irradiation[@b7], the proper manipulation of this process may have notable clinical benefits. In fact, a pilot study using pretreatment of bone marrow progenitor cells with CCL25 and CCL21 before transplantation has demonstrated increased thymic HPC homing and T-cell regeneration in mice[@b7]. Even so, the relatively low efficiency observed in this study demands further improvement.

Thymic endothelial cells (ECs), especially those located within the perivascular spaces (PVSs) at the corticomedullary junction area[@b8][@b9][@b10][@b11][@b12], are believed to play critical roles in thymic cell homing. While a cascade of adhesion and signalling events, mainly involving P-selectin, VCAM-1 and ICAM-1, and CCL25 and CCL21/19, has been suggested to mediate the thymic homing progress[@b7][@b13][@b14][@b15][@b16], their cellular basis has not been well defined. Therefore, the nature of thymic ECs, especially PVS-associated thymic portal ECs, remains largely elusive. In addition, how thymic ECs are regulated is also unknown. Further understanding of the cellular and molecular mechanisms controlling thymic ECs may provide novel insight into thymic HPC homing, and T-cell development and regeneration.

The lymphotoxin beta receptor (LTβR) signalling pathway, engaged by the ligands of lymphotoxin (LT) and/or LIGHT, plays a crucial role in the development and function of high ECs (HECs) for the lymph node (LN) homing of lymphocytes[@b17][@b18][@b19][@b20][@b21]. On the cellular level, strategically located dendritic cells (DCs), but likely not T or B cells, provide LT signalling to control the differentiation and function of HECs[@b22]. Whether and how the LTβR signalling axis coordinates the basic thymic homing process remain intriguing questions. In this study, we uncovered an interesting cellular and molecular pathway whereby positively selected T cells, but not other cells, orchestrate thymic HPC homing in an LTβR-dependent manner via thymic ECs.

Results
=======

Endothelial LTβR controls thymic homing of progenitors
------------------------------------------------------

Thymic homing HPCs differentiate into early T-cell progenitors (ETPs), which then undergo T-cell development and maturation. Previous studies suggest that impaired thymic progenitor cell homing leads to a reduced ETP population[@b13][@b14][@b16]. To study whether LTβR is required for thymic progenitor cell homing, we first examined the ETP population in the thymi of *Ltbr*^−/−^ mice. Remarkably, a marked reduction in the ETP population was found in *Ltbr*^−/−^ mice compared with the wild-type (WT) control mice ([Fig. 1a,b](#f1){ref-type="fig"}; [Supplementary Fig. 1a](#S1){ref-type="supplementary-material"}). The data from bone marrow chimeric mice suggested that LTβR expression on radioresistant cells, but not haematopoietic cells, is required for a normal thymic ETP population ([Supplementary Fig. 1b,c](#S1){ref-type="supplementary-material"}).

LTβR is well known to be involved in HEC differentiation and function. LTβR is also expressed on thymic ECs ([Supplementary Fig. 1d](#S1){ref-type="supplementary-material"}). To determine whether LTβR may directly regulate ECs during thymic ETP population, we generated *Ltbr*^fl/fl^ *Tek*^Cre^ mice, in which LTβR is specifically deleted on ECs and haematopoietic cells. A marked reduction in the ETP population was observed in *Ltbr*^fl/fl^ *Tek*^Cre^ mice ([Fig. 1c,d](#f1){ref-type="fig"}), recapitulating the phenotype of globally LTβR-deficient mice. Because LTβR deficiency in haematopoietic cells did not influence thymic ETP population, these data indicate that LTβR may control thymic ETP population via ECs.

To directly test whether LTβR is required for thymic progenitor cell homing, a short-term thymic homing assay was performed as previously described[@b7][@b16][@b23]. Two days after bone marrow transfer, the donor-derived thymic settling progenitor cells were examined by flow cytometry. A small but consistent number of donor-derived progenitor cells could be detected in the thymi of WT or heterozygous hosts ([Supplementary Fig. 2a,b](#S1){ref-type="supplementary-material"}) at a level comparable to that reported previously[@b16][@b23]. Strikingly, the percentage and number of the donor-derived thymic settling progenitor cells were significantly reduced in *Ltbr*^−/−^ mice ([Fig. 1e](#f1){ref-type="fig"}). A similar defect was confirmed in *Ltbr*^fl/fl^ *Tek*^Cre^ mice ([Fig. 1f](#f1){ref-type="fig"}). The reduced thymic homing of transferred HPCs is unlikely due to their preferential distribution elsewhere. A comparable percentage and number of donor-derived HPCs were found between *Ltbr*^fl/fl^ *Tek*^Cre^ and control animals in the blood circulation, spleen and bone marrow ([Supplementary Fig. 3a--c](#S1){ref-type="supplementary-material"}). Thus, endothelial LTβR plays a crucial role in thymus-specific progenitor cell homing.

LT and LIGHT control thymic homing of progenitors
-------------------------------------------------

LTβR signalling can be activated by either LT or LIGHT. To study which ligand is required for thymic progenitor cell homing, we first evaluated the thymic ETP population in *Lta*^−/−^ and *Light*^−/−^ mice. While LT usually delivers the primary LTβR signalling in other scenarios, single LT deficiency resulted in only a minor defect in the thymic ETP population compared with the heterozygous mice ([Fig. 2a,b](#f2){ref-type="fig"}). A dosage effect of LT was not observed because the thymic ETP population was comparable between WT and *Lta*^+/−^ mice ([Supplementary Fig. 4a,b](#S1){ref-type="supplementary-material"}). However, LIGHT alone did not appear to be essential for maintaining a normal thymic ETP population ([Fig. 2c,d](#f2){ref-type="fig"}). To test whether LT and LIGHT may play a coordinated role, we generated *Lta*^−/−^*Light*^−/−^ mice. Double deficiency of both LT and LIGHT in these mice recapitulated the thymic ETP defect in *Ltbr*^−/−^ mice ([Fig. 2e,f](#f2){ref-type="fig"}). A short-term homing assay further confirmed the impaired thymic progenitor cell homing in *Lta*^−/−^*Light*^−/−^ mice ([Fig. 2g](#f2){ref-type="fig"}) to a degree similar to that in *Ltbr*^−/−^ mice. These data suggest that while LT seems to play a relatively more important role than LIGHT, they coordinate to safeguard normal thymic progenitor cell homing and ETP population maintenance.

T cells control thymic homing of progenitors
--------------------------------------------

We next wondered which cells regulate thymic EC function for progenitor cell homing. DC-derived LT signalling has been reported to control HECs in the LNs[@b22]. In addition, thymic DCs were reported to be abundantly present in the PVSs[@b24], the key site for thymic progenitor cell homing. CD11c-DTR bone marrow chimeric mice allow the sustained depletion of CD11c^+^ cells with continuous diphtheria toxin (DT) treatment. Thymic DCs were efficiently depleted after DT treatment ([Supplementary Fig. 5a,b](#S1){ref-type="supplementary-material"}). However, the thymic ETP population was largely maintained in the continuous depletion of CD11c^+^ cells over 4 weeks ([Supplementary Fig. 5c,d](#S1){ref-type="supplementary-material"}). B cells are another type of cells that have been reported to be important for LN homeostasis, especially for lymphatic ECs and follicular DCs, via LTβR signalling[@b25][@b26]. Bone marrow chimeric mice generated with WT or μMT mice demonstrated comparable thymic ETP populations ([Supplementary Fig. 5e,f](#S1){ref-type="supplementary-material"}). These data suggest that DCs and B cells are not required for thymic progenitor cell homing.

T cells are another major type of cells expressing both LT and LIGHT. We next wondered whether T cells may be the deliverers of LTβR signalling. A previous study suggested that a lack of a peripheral lymphocyte pool, possibly T cells, may provide feedback control of thymic progenitor cell homing indirectly via the regulation of P-selectin and CCL25 expression in the thymus by sphingosine 1-phosphate[@b23]. However, this model does not explain why *Rag1*^−/−^ mice also have reduced thymic HPC homing efficiency[@b23]. Interestingly, we found that *Tcra*^−/−^ mice, in which thymocyte development stops at the double-positive stage, also demonstrated a markedly reduced thymic ETP population compared with WT control mice ([Fig. 3a, b](#f3){ref-type="fig"}). This is also consistent with the reduced ETP population as reported in *Zap70*^−/−^ mice[@b27][@b28], which are also deficient for thymocyte positive selection. The short-term homing assay confirmed the impaired thymic homing defect in *Tcra*^−/−^ mice ([Fig. 3c](#f3){ref-type="fig"}). Together, these results indicate a new mechanism of thymic progenitor cell homing mediated by positively selected T cells probably within the thymus.

To determine whether T cells may directly deliver LTβR ligands for thymic ETP maintenance and thymic progenitor cell homing, we generated bone marrow chimeric mice with mixed WT:*Tcra*^−/−^ or *Lta*^−/−^:*Tcra*^−/−^ bone marrow cells (at a ratio of 1:1). Thus, all T cells since the single-positive stage lack LT expression in the chimeric mice generated with *Lta*^−/−^:*Tcra*^−/−^ mixed bone marrow cells. When thymic ETPs were evaluated in these mice 10 weeks later, a significant defect was found ([Fig. 3d,e](#f3){ref-type="fig"}). A short-term homing assay also confirmed the defective thymic progenitor homing in these mice ([Fig. 3f](#f3){ref-type="fig"}). To further investigate the coordination between LT and LIGHT on T cells, we also made bone marrow chimeric mice similar to those described above, but with *Lta*^−/−^*Light*^−/−^ instead of *Lta*^−/−^ bone marrow. A more marked decrease in the thymic ETP population and in homing efficiency was found when both LT and LIGHT were lacking on single-positive T cells ([Fig. 3g--i](#f3){ref-type="fig"}). Since largely comparable thymic ETP defect was found in the T-*Lta*^−/−^*Light*^−/−^ in bone marrow chimeric scenario and in the straight *Lta*^−/−^*Light*^−/−^ mice at steady state ([Fig. 2e--g](#f2){ref-type="fig"}), we suspect that the major role of LT/LIGHT on thymic ETP is likely independent of the bone marrow chimeric condition. In addition, these data indicate that single-positive T cells, but not other cells, are the major deliverer of LT/LIGHT signalling. Thus, positively selected T cells may directly control thymic ECs via LT/LIGHT-coordinated signals during thymic progenitor cell homing. The contribution of different LTβR ligands and types of cells on thymic ETP population control is summarized in [Supplementary Table 1](#S1){ref-type="supplementary-material"}.

The Ly6C^−^Selp^+^ thymic ECs are specialized for thymic homing
---------------------------------------------------------------

We next explored how the T-cell-mediated LTβR signalling pathway may control thymic ECs during HPC homing. The expression of the known molecules involved in thymic progenitor cell homing was first evaluated. However, quantitative PCR with reverse transcription analysis demonstrated comparable expression levels of P-selectin, VCAM-1 and ICAM-1 in purified thymic ECs from WT and *Ltbr*^−/−^ mice ([Supplementary Fig. 6a](#S1){ref-type="supplementary-material"}). Normal thymic vasculature and a normal EC population were also preserved in *Ltbr*^−/−^ mice ([Supplementary Fig. 6b](#S1){ref-type="supplementary-material"}). Thus, LTβR appears not to primarily control the development and function of thymic ECs.

The corticomedullary junction has been long recognized as the major place for both thymic homing and egress[@b8][@b9][@b10][@b11][@b12][@b29]. More specifically, PVSs, compartmentalized by double-basement membranes usually around large blood vessels, have been suggested as critical structures for cellular interchange between the thymus and the blood circulation[@b11][@b29]. PVS-associated thymic ECs have thus long been suggested to be the key specialized ECs controlling thymic homing. We wondered whether LTβR may control the differentiation of these specialized thymic ECs as it does for HECs in LNs. Because P-selectin^+^ thymic ECs do not seem to only localize in the PVS area, where thymic homing mainly occurs[@b16], we hypothesized that a subset of 'mature\' P-selectin^+^ thymic ECs may exist associated with PVSs and be controlled by LTβR. However, the specialized PVS-associated ECs are thus far not well characterized. By analogy, this special population of thymic ECs may possess post-capillary features and share some common characteristics with HECs[@b30]. Ly6C has been reported as a negative EC differentiation marker that is also reduced on HECs compared with the capillary ECs in the LNs[@b30]. In the thymus, a subset of P-selectin^+^ thymic ECs (CD31^+^CD45^−^EpCAM^−^) were indeed found to be Ly6C^−^ ([Fig. 4a](#f4){ref-type="fig"}, [Supplementary Fig. 7a](#S1){ref-type="supplementary-material"}). The population of CD31^+^CD45^−^EpCAM^−^ cells is mostly blood vascular ECs and are unlikely to contain lymphatic ECs or fibroblasts because they are podoplanin-negative ([Supplementary Fig. 7b](#S1){ref-type="supplementary-material"}). In fact, LYVE1^+^ lymphatic vessels were rarely detected in cross-sections of adult C57BL/6 mouse thymi[@b29]. Further characterization of the different subsets of thymic ECs (Ly6C^+^Selp^−^, Ly6C^+^Selp^+^ and Ly6C^−^Selp^+^) by RNA sequencing (RNA-seq) and transcriptome analysis revealed a total of 806 differentially expressed genes between Ly6C^+^Selp^−^ and Ly6C^−^Selp^+^ ECs ([Supplementary Table 2](#S1){ref-type="supplementary-material"}). Some of them have been confirmed by quantitative real-time PCR ([Supplementary Fig. 8](#S1){ref-type="supplementary-material"}). Further analysis of these differential genes showed striking similarities between Ly6C^−^Selp^+^ ECs and LN HECs, and between Ly6C^+^Selp^−^ ECs and LN capillary ECs ([Supplementary Fig. 9a,b](#S1){ref-type="supplementary-material"}). Gene ontology analysis of the differential genes between Ly6C^−^Selp^+^ ECs and other thymic EC subsets also demonstrated their distinct features, similar to the comparison between LN HECs and capillary ECs ([Supplementary Fig. 9c,d](#S1){ref-type="supplementary-material"})[@b30]. These data suggest the specialization of thymic Ly6C^−^Selp^+^ ECs and their function in thymic cell homing on the transcriptome level.

To further test whether the aforementioned Ly6C^−^Selp^+^ ECs are the portal ECs associated with PVSs in the thymus during progenitor cell homing, immunofluorescence staining was performed to determine their location. The results demonstrated that CD31^+^Ly6C^−^ vessels were enriched (∼60%) in the corticomedullary junction area. Further co-staining with collagen IV showed that these CD31^+^Ly6C^−^ECs were mainly (∼75%) associated with PVSs ([Fig. 4b,c](#f4){ref-type="fig"}). In addition, ∼60% of the PVSs were associated with CD31^+^Ly6C^−^ ECs, while only ∼6% of the non-PVS vessels were Ly6C^−^ ([Fig. 4d](#f4){ref-type="fig"}). To further determine whether the Ly6C^−^ PVSs are where thymic progenitor entry takes place, a short-term thymic homing assay was performed using fluorescence-activated cell sorting (FACS)-sorted Lin^−^c-Kit^+^ bone marrow cells. Immunofluorescence staining revealed that the majority (∼80%, 28 out of 35) of the thymic seeding progenitor cells were closer to the Ly6C^−^ vessels than to the Ly6C^+^ vessels in the corticomedullary junction ([Fig. 4e](#f4){ref-type="fig"}); this placement was not dependent on the volume of the vessel because large vessels that were Ly6C^+^ did not co-localize with thymic seeding progenitor cells (bottom panel of [Fig. 4e](#f4){ref-type="fig"}). Thus, together with the previous finding that PVSs are where thymic progenitor cell entry takes places[@b11], these data provide further evidence that Ly6C^−^Selp^+^ thymic ECs are the portal ECs that mediate thymic progenitor cell entry. These thymic ECs were therefore named thymic portal ECs (TPECs).

LTβR and T cells are required for the development of TPECs
----------------------------------------------------------

To test whether LTβR controls the differentiation of TPECs, thymic EC subsets of WT and *Ltbr*^−/−^ mice were analysed by flow cytometry. Strikingly, the population of TPECs was markedly reduced in the absence of LTβR ([Fig. 5a,b](#f5){ref-type="fig"}). Interestingly, the population of Ly6C^+^Selp^+^ thymic ECs was significantly enriched, suggesting a differentiation block and a precursor-progeny or maturation relationship between Ly6C^+^Selp^+^ ECs and TPECs ([Fig. 5a,b](#f5){ref-type="fig"}). Similar changes were confirmed in *Ltbr*^fl/fl^ *Tek*^Cre^ mice ([Supplementary Fig. 10a,b](#S1){ref-type="supplementary-material"}), suggesting an endothelial intrinsic function of LTβR signalling in TPEC differentiation/maturation.

To further test whether LTβR signalling constantly regulates TPECs, 6-day-old neonatal WT mice were treated with agonistic LTβR antibody (clone 9B10) or a control antibody. Ten days later, the TPEC population was found to be significantly increased in the 9B10 treatment group compared with that in the control group ([Fig. 5c--e](#f5){ref-type="fig"}). The increase in the TPEC population is likely due to the enhanced differentiation from their precursors because the population of Ly6C^+^Selp^+^ ECs was accordingly reduced. In contrast, LTβR-Ig blockade in adult mice significantly decreased the TPEC population and resulted in the accumulation of Ly6C^+^Selp^+^ ECs within 4 weeks ([Fig. 5f,g](#f5){ref-type="fig"}). Together, these data suggest that LTβR signalling is constantly required for the differentiation and homeostasis of TPECs.

Because positively selected T cells were found to be required for thymic progenitor cell homing ([Fig. 3c](#f3){ref-type="fig"}), we asked whether they are also required for TPEC development. Consistently, the TPEC population was indeed reduced in *Tcra*^−/−^ mice ([Fig. 5h,i](#f5){ref-type="fig"}), further suggesting that positively selected T cells may directly control TPECs for thymic progenitor cell homing.

LTβR is required for thymic regeneration on injury
--------------------------------------------------

Thymic injury is a common clinical problem and regeneration of the thymus is essential for the re-establishment of the competent naive T-cell compartment[@b31]. Administration of HPCs or boosting HPC thymic homing has been reported to be able to promote thymic regeneration[@b4][@b5][@b6][@b7]. To study whether LTβR is required for thymic progenitor cell homing, and thus thymic regeneration, after thymic injury, sublethal total-body irradiation (SL-TBI) was applied to induce thymic injury. A short-term thymic homing assay was performed on day 3 after irradiation. Consistent with the finding in *Ltbr*^−/−^ mice at steady state, a significant reduction in the thymic homing of progenitor cells was found in *Ltbr*^−/−^ mice after SL-TBI ([Fig. 6a](#f6){ref-type="fig"}). To test whether this would result in defective thymic regeneration, the total thymic cellularity and subset distribution were determined 28 days after irradiation. Remarkably, while completely recovered in WT mice, the total cellularity and the number of all major developing thymocyte subsets were markedly reduced in *Ltbr*^−/−^ mice ([Fig. 6b, c](#f6){ref-type="fig"}). Thus, LTβR is required for thymic progenitor homing not only at steady state but also on thymic injury. Deficiency of LTβR resulted in impaired thymic regeneration on SL-TBI-induced injury.

Discussion
==========

The trafficking of haematopoietic cells to lymphoid tissues is a basic biological process underlying many important immunological functions under both physiological and pathological conditions. In the thymus, the homing of HPCs is critical for normal T-cell development at steady state and for T-cell regeneration on injury. While cell trafficking to secondary lymphoid tissues is well understood, the underlying cellular and molecular mechanisms for thymic homing remain largely unclear. Here we have identified a critical role for the LTβR signalling pathway in the specialized differentiation of thymic ECs (TPECs) for HPC thymic homing and T-cell regeneration.

Our study characterized the PVS-associated TPECs on the transcriptome level for the first time and revealed their high levels of similarity with HECs in peripheral LNs. In fact, the comparison between thymic EC and LN EC subsets suggests highly conserved programmes for EC differentiation and function in different lymphoid tissues. First, LTβR appears to play a critical role in both scenarios. Second, some transcriptional factors related to cardiovascular development, such as Hey1, Id1, Msx1 and Sox17, are all less represented in both TPECs and HECs compared with capillary ECs ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). Third, the transmigration machinery may also be shared by TPECs and HECs. Supporting this, Bst1, which encodes CD157, a receptor that has been linked to neutrophil transendothelial migration[@b32], is preferentially expressed in both TPECs and HECs ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). In contrast, CD97, which may inhibit leukocyte transmigration by strengthening the adherens junctions[@b33], was downregulated in both TPECs and HECs ([Supplementary Table 3](#S1){ref-type="supplementary-material"}). Our data may provide a useful source for further study on lymphoid vascular differentiation and function, although further validation is still required.

Notably, while significant conservation is found between thymic TPECs and LN HECs, tissue specificity exists. ([Supplementary Fig. 9e](#S1){ref-type="supplementary-material"}; [Supplementary Table 3](#S1){ref-type="supplementary-material"}). Whether this suggests any selective recruitment of different cells to different organs remains to be investigated. Consistent with this, our data showed that in the short-term homing assay, on bone marrow cell intravenous transfer, the percentage of donor-derived lineage-negative cells among total donor cells enriched about five- to six-fold in the thymus compared with the percentage in the LNs ([Supplementary Fig. 11](#S1){ref-type="supplementary-material"}). Even so, it should be noted that the homing selectivity may also be affected by the tissue microenvironment. For example, in the LNs, perivascular CCL19 is transcytosed to the luminal surfaces of HEVs and enables T-cell homing[@b34]. Similarly, thymic epithelial CCL25 has been suggested to be transcytosed across endothelium to mediated thymic progenitor homing[@b7]. Further confirmation and subsequent detailed studies on thymic TPEC and LN HEC signature genes may lead to better understanding of the trafficking process in both the thymi and the LNs.

Our data strongly suggest that endothelial LTβR is required for thymic progenitor cell homing and the ETP population. Because TPEC appears to be a critical population for thymic progenitor cell homing and it is highly dependent on LTβR signalling, we hypothesize that LTβR controls this process by promoting thymic EC differentiation/maturation to TPECs. Consistent with this, Ly6C^+^Selp^+^ thymic ECs accumulate in the absence of LTβR. In addition, many TPEC signature genes, such as GlyCAM-1 (refs [@b17], [@b22]), Enpp2 (refs [@b35], [@b36]) and VCAM-1 (refs [@b37], [@b38]), are known to be downstream of LTβR signalling. In fact, one of these genes (that is, VCAM-1) has already been demonstrated to have an important role in thymic progenitor cell homing[@b15]. The precise downstream mechanism for the LTβR-mediated control of TPEC differentiation/maturation is now an important question.

While LN HECs are mainly controlled by DCs, our study found that positively selected T cells instead control thymic TPEC differentiation for progenitor cell homing. A previous study has suggested an important role of the peripheral T-cell pool in the feedback control of the thymic endothelium[@b23]. However, it remains elusive how a small change of sphingosine 1-phosphate in the plasma could influence thymic endothelial behaviour[@b39]. In addition, the model does not explain the decreased thymic progenitor cell receptivity in *Rag1*^−/−^, *Tcra*^−/−^ or *Zap70*^−/−^ mice, all of which severely lack peripheral T cells, suggesting an additional mechanism. Our data presented here indicate a new model, where single-positive T cells may directly control TPECs via intrathymic LTβR signalling for thymic progenitor cell homing. Even so, it remains unclear which population of T-cell controls. The mature single-positive thymocytes have been reported to traffic through PVSs in the corticomedullary junction area during their egress[@b11][@b29]. In addition, the recirculating T cells from periphery are also speculated to migrate back to the thymus through the corticomedullary junction area[@b40]. Therefore, both populations are possible candidates. It would be an intriguing question to test in future whether thymic progenitor cell homing is regulated by egressing mature thymocytes or recirculating T cells, indicating either a thymus intrinsic or a thymus extrinsic manner, respectively.

Although thymic ETP population is markedly reduced in adult *Ltbr*^−/−^ mice, the total thymic cellularity is largely comparable to WT mice[@b41]. This is likely due to the compensational proliferation of T cells at later developmental stages. However, at neonatal stage, significant reduction of total thymic cellularity and number of ETPs were consistently found in *Ltbr*^−/−^ mice ([Supplementary Fig. 12a,b](#S1){ref-type="supplementary-material"}). This is in line with the previous finding that the defect of embryonic thymic progenitor colonization resulted in smaller thymic size[@b42]. However, it is worth to note that the underlying mechanism of LTβR controlling thymic progenitor cell co-lonization at embryonic and postnatal stage may be different. At the embryonic stage, when thymic vascularization is less developed, thymic epithelial cells appear to play a major role for recruitment of progenitor cells directly via CCL21 and CCL25 or indirectly via ephrin B signalling[@b43][@b44]. LTβR may control embryonic thymic progenitor co-lonization through thymic epithelial cells. In fact, previous work, including ours, have shown that CCL21 expression on thymic epithelial cells is regulated by LTβR signalling[@b45][@b46]. In the adult mice, LTβR expression on thymic epithelial cells seems to play only minor role compared with endothelial LTβR. The thymic ETP population in *Ltbr*^fl/fl^ K14^Cre^ is only partially reduced compared with the littermate controls ([Supplementary Table 1](#S1){ref-type="supplementary-material"}).

Thymic injuries are common phenomena during various pathological conditions[@b47]. Due to the important role of T cells in adaptive immunity to combat infections and tumours, boosting thymic regeneration is highly desired in the clinic. Numerous methods targeting different stages and different cellular components during T-cell development have been tested in preclinical or clinical studies[@b47][@b48][@b49][@b50]. Most of these methods aim to expand the population of HPCs or thymocytes/T cells directly or indirectly via thymic stromal cells. Because thymic homing is a limiting factor for T-cell regeneration during bone marrow transplantation[@b5], it has recently become a new targeting process for boosting thymic regeneration[@b7]. In our study, deficiency of LTβR resulted in significantly impaired thymic regeneration on SL-TBI-induced injury, associated with defective thymic progenitor cell homing. Since thymic progenitor replenishment has been shown important for thymic regeneration on injury, the defective thymic progenitor homing defect in *Ltbr*^−/−^ mice is likely a significant contributing factor leading to the defective thymic regeneration[@b4][@b5][@b6], although we cannot formally rule out other possibilities. Another important contributing factor for thymic regeneration is thymocyte expansion, which is actually the targeting step for most current strategies for thymic regeneration, as mentioned above. However, so far, there is no indication that LTβR regulates this step. Marked thymocyte expansion occurs at thymic cortex, where cortical epithelial cells play an important role[@b51][@b52]. However, LTβR seems not to affect cortical epithelial cells, while it is required for medullary epithelial cell development and function according to many studies including ours[@b53][@b54]. Further evaluation and investigation of the detailed mechanisms may be necessary for proper targeting LTβR signalling pathway for improving immune reconstitution.

In summary, we have uncovered a new mechanism governing thymic EC differentiation to promote thymic progenitor homing and T-cell regeneration. In addition, given the increasingly acknowledged importance of the thymic homing of various haematopoietic cells (including DCs, T-regulatory cells and B cells) for T-cell development and central tolerance[@b3][@b55][@b56][@b57][@b58][@b59], our characterization of thymic ECs and identification of their regulation by the LTβR signalling pathway may shed new light to improve our understanding of the general thymic homing process and provide novel strategies for improving immune reconstitution.

Methods
=======

Mice
----

WT C57BL/6 mice were purchased from Vital River, a Charles River company in China. *Tek*-Cre mice were obtained from Nanjing Biomedical Research Institute. *Tcra*^−/−^, CD11c-DTR, *K14*-Cre and CD45.1 mice were obtained from The Jackson Laboratory. *Ltbr*^−/−^, *Ltbr*^fl/fl^ and *Light*^−/−^ mice were as previously described[@b60]. μMT mice were provided by Hai Qi (Tsinghua University, China) and Baidong Hou (Institute of Biophysics, Chinese Academy of Sciences). *Lta*^−/−^ mice were provided by Burkhard Ludewig (Kantonal Hospital, Switzerland). Five- to seven-week-old sex-matched mice were used unless described otherwise. All mice are on the C57BL/6 background and were maintained under specific pathogen-free conditions with approval by the institutional committee of the Institute of Biophysics, Chinese Academy of Sciences.

Isolation of thymic ECs
-----------------------

Thymus tissues were digested with 0.2 mg ml^−1^ collagenase I (Sigma), 1 U ml^−1^ dispase I (Corning) and 0.06 mg ml^−1^ DNase I (Roche) in RPMI 1640 medium with 2% fetal bovine serum (FBS) for 1 h at 37 °C. The digestion was washed with cold PBS and filtered through a 70-μm cell strainer (Biologix Group). The stromal cells were enriched by discontinuous density gradient centrifugation in Percoll (GE Healthcare; bottom layer=1.115 g ml^−1^; middle layer=1.065 g ml^−1^; top layer=2% FBS RPMI 1640). The cells recovered from the upper interface were washed and stained with antibodies for flow cytometric analysis or cell sorting.

Immunofluorescence microscopy
-----------------------------

Thymus tissues were embedded in OCT compound and snap-frozen in liquid nitrogen. Ten-micrometre-thick cryosections were air-dried and fixed for 10 min in cold acetone. The cryosections were blocked for 1 h in PBS containing 2% FBS and 1 mg ml^−1^ anti-FcγRII/CD16 (2.4G2; in-house production). The cryosections were incubated overnight at 4 °C with the following antibodies at 2.5 μg ml^−1^ working concentration: anti-CD31 (MEC13.3; eBioscience), anti-Ly6C (HK1.4; BioLegend) and anti-CD45.2 (104; eBioscience). Anti-collagen IV (LSL-LB-1407; Cosmo Bio Co., LTD) was diluted 1:1,000. Unconjugated antibodies were detected with the following secondary antibodies: AlexaFluor594-conjugated goat anti-rabbit IgG (Jackson, ZF-0516) and TRITC-conjugated streptavidin (Jackson, 016-020-084). The detailed information of these antibodies is also listed in [Supplementary Table 4](#S1){ref-type="supplementary-material"}. Microscopical analysis was performed using a confocal microscope (Zeiss LSM-710) and the images were processed with ZEN 2010 software (Carl Zeiss, Inc.).

Flow cytometry and cell sorting
-------------------------------

All antibodies used for flow cytometry were from BD Biosciences, eBioscience or BioLegend. The detailed information of antibodies is also listed in [Supplementary Table 4](#S1){ref-type="supplementary-material"}. Flow cytometry data were acquired on an LSRFortessa (BD) with FACSDiva software (BD), and FlowJo software (TreeStar) was used for further analysis. Cell sorting was performed on a FACSAriaII or FACSAriaIII (BD). The working concentration of antibodies is 2.5 μg ml^−1^. For ETP analysis, single-cell suspensions (5 × 10^6^ cells in 100 μl FACS buffer) were stained with a lineage marker mix (anti-CD4 (GK1.5), anti-CD8 (53-6.7), anti-CD11b (M1/70), anti-Ter-119 (Ter-119), anti-Gr-1 (RB6-8C5) and anti-B220 (RA3-6B2)), anti-CD44 (IM7), anti-CD25 (PC61) and anti-c-Kit (2B8). For short-term homing analysis, single-cell suspensions (1 × 10^7^ cells in 200 μl FACS buffer) were stained with the lineage marker mix (anti-CD4, anti-CD8, anti-B220, anti-Gr-1, anti-CD11b, anti-CD11c (N418), anti-NK1.1 (PK136) and anti-Ter-119) and stained for the congenic markers CD45.1 (A20) and CD45.2 (104) when the donor cells were not labelled with carboxyfluorescein succinimidyl ester (CFSE). For thymic EC staining, the samples were stained with antibodies against CD45 (30-F11), CD31 (MEC13.3), EpCAM (G8.8), P-selectin (RB40.34) and Ly6C (HK1.4). Dead cells were excluded by staining with propidium iodide (Sigma).

Bone marrow chimeras and short-term homing assay
------------------------------------------------

For the bone marrow chimeras, 5 × 10^6^ bone marrow cells from donor mice were injected intravenously into congenic C57BL/6 host mice that had been lethally irradiated (1,000 rad). The chimeras were given prophylactic water-containing antibiotics for 4 weeks following bone marrow transfer. The chimeras were analysed 6--10 weeks after transplantation. For the short-term thymic homing assay, congenically marked bone marrow cells were injected intravenously into the mice (5 × 10^7^ cells per mouse of which ∼2% are lineage-negative progenitors). Forty-eight hours later, the thymic cells were collected, stained and analysed by flow cytometry as described above to determine the percentage and number of donor-derived thymic seeding progenitor cells. To directly visualize the thymic seeding progenitor cells, CD45.2^+^Lin^−^c-Kit^+^ bone marrow progenitor cells were sorted with purity of ∼98% and injected intravenously into the CD45.1^+^ recipients (0.5--2 × 10^6^ cells per mouse). Twenty hours later, the recipient mice were killed and the thymi were removed and frozen in OCT for immunofluorescence staining.

Quantitative real-time PCR
--------------------------

RNA from sorted thymic ECs was extracted using an RNeasy mini kit (Qiagen) according to the manufacturer\'s instructions. The quality and quantity of the total RNA was assessed using a Nanodrop spectrophotometer (ND 2000C; Thermo Fisher Scientific). The total RNA was reverse-transcribed using a RevertAid First Strand cDNA Synthesis Kit (Fermentas) according to the manufacturer\'s instructions. The primers used are listed in [Supplementary Table 5](#S1){ref-type="supplementary-material"}. Quantitative real-time PCR was performed using SYBR Premix Ex Taq mix (Takara) and the reactions were run on a real-time PCR system (7500, Applied Biosystems). The relative messenger RNA expression levels were calculated using 7500 software v2.0.6 (Applied Biosystems).

Whole-transcriptome sequencing and analysis
-------------------------------------------

Subsets of thymic ECs were sorted by FACS as described above. The purity of each sample was at least 90%. RNA was extracted using an RNeasy Plus Micro kit (Qiagen) according to the manufacturer\'s instructions. The quality and quantity of the total RNA was assessed using a High Sensitivity NGS Fragment Analysis kit (DNF-486-0500). The sequencing library was prepared using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB). The RNA-seq data were sequenced using a Illumina HiSeq 2500 platform to generate ∼4 million 100 bp paired-end reads for each sample. Low-quality reads and sequencing adapters were trimmed from the sequencing data, and then the clean reads were mapped to the genome (mm9) using Tophat. The gene expression level was calculated using Cufflinks and the differential gene expression between samples was calculated using Cuffdiff software. The Pearson correlation of the transcriptomes from each sample was calculated using the 'cor\' function with the method 'pairwise.complete.obs\' in the statistical programming language R. Eight hundred and six differentially expressed genes between Ly6C^+^Selp^−^ and Ly6C^−^Selp^+^ ECs were normalized and shown by *Z*-score value. The 806 differentially expressed genes were also normalized and shown by *Z*-score value in the published RNA microarray data (GSE58056)[@b30]. Gene ontology pathway analysis was performed using David software.

LTβR agonist treatment and LTβR blockade
----------------------------------------

For LTβR agonist treatment, the mice were treated with LTβR agonistic antibody (clone 9B10) or a control antibody intraperitoneally twice with an interval of 5 days between treatments (150 μg per mouse each time). Five days after the last treatment, the thymic ECs were prepared and analysed by flow cytometry. For LTβR blockade, WT mice were treated intraperitoneally with LTβR-hIgG or hIgG (150 μg per mouse) once a week for 4 weeks, and then the thymic ECs were prepared and analysed by flow cytometry.

DC depletion
------------

CD11c-DTR bone marrow chimeras were generated as described above. For systemic DC depletion, 6 weeks after bone marrow transfer, the chimeric mice were given DT (Sigma) intraperitoneally at a dose of 6 ng g^−1^ body weight every 2 days for 4 weeks.

Thymic regeneration
-------------------

Mice were given SL-TBI (550 rad) with no haematopoietic rescue. All TBI experiments were performed using a Co-60 γ-irradiation source.

Statistical analysis
--------------------

The statistical significance of the differences between sets of data was assessed by a two-tailed unpaired Student\'s *t*-test unless stated otherwise. The results are expressed as the mean±s.e.m. Differences with a *P* value\<0.05 are marked with asterisks. NS, no significant; \**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001.

Data availability
-----------------

RNA-seq data set was deposited in gene expression omnibus, with an accession number of GSE83114, which is available via the repository\'s data access request procedures. All other data are available within the article (as figure source data or [Supplementary Information](#S1){ref-type="supplementary-material"} files) or from the authors upon a reasonable request.
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![Endothelial LTβR is required for thymic progenitor cell homing.\
(**a**,**b**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in *Ltbr*^−/−^ and control mice. (**a**) Representative dot plots are shown, gated on Lin^−^CD25^−^ thymic cells (the same below). (**b**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**c**,**d**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in *Ltbr*^fl/fl^ *Tek*^Cre^ and control mice. (**c**) Representative dot plots are shown. (**d**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**e**,**f**) Short-term thymic homing assay in *Ltbr*^−/−^ (**e**), *Ltbr*^fl/fl^ *Tek*^Cre^ (**f**) and littermate control mice. The frequency (**e**) and number (**f**) of donor-derived lineage-negative cells among total thymocytes were analysed by flow cytometry. The data are representative of at least two independent experiments with three or more mice per group in each experiment. Error bars represent s.e.m. Asterisks mark statistically significant difference (\**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 determined by two-tailed unpaired Student\'s *t*-test).](ncomms12369-f1){#f1}

![LT and LIGHT coordinate to control thymic ETP population and progenitor homing.\
(**a**,**b**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in *Lta*^*+/*−^ and *Lta*^−*/*−^ mice. (**a**) Representative dot plots are shown. (**b**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**c**,**d**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in *Light*^*+/*−^ and *Light*^−*/*−^mice. (**c**) Representative dot plots are shown. (**d**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**e**,**f**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in *Lta*^−*/*−^ *Light*^−*/*−^ and littermate control mice. (**e**) Representative dot plots are shown. (**f**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**g**) Short-term thymic homing assay in *Lta*^−*/*−^ *Light*^−*/*−^ and littermate control mice. The frequency and number of donor-derived lineage-negative cells among total thymocytes were analysed by flow cytometry. The data are representative of at least two independent experiments with three or more mice per group in each experiment. Error bars represent s.e.m. Asterisks mark statistically significant difference (\**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 determined by two-tailed unpaired Student\'s *t*-test).](ncomms12369-f2){#f2}

![T cells deliver LTβR signalling to control thymic ETP population and progenitor homing.\
(**a**,**b**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in WT and *Tcra*^−*/*−^ mice. (**a**) Representative dot plots are shown. (**b**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**c**) Short-term thymic homing assay in WT and *Tcra*^−*/*−^ mice. The frequency and number of donor-derived lineage-negative cells among total thymocytes were analysed by flow cytometry. (**d**,**e**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in WT and *Tcra*^−*/*−^, and *Lta*^−*/*−^ and *Tcra*^−*/*−^ mixed bone marrow chimeric mice. (**d**) Representative dot plots are shown. (**e**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**f**) Short-term thymic homing assay in WT and *Tcra*^−*/*−^, and *Lta*^−*/*−^ and *Tcra*^−*/*−^ mixed bone marrow chimeric mice. The frequency and number of donor-derived lineage-negative cells among total thymocytes were analysed by flow cytometry. (**g**,**h**) Flow cytometric analysis of ETPs (Lin^−^CD25^−^CD44^+^c-Kit^+^) in WT and *Tcra*^−*/*−^, and *Lta*^−*/*−^*Light*^−*/*−^ and *Tcra*^−*/*−^ mixed bone marrow chimeric mice. (**g**) Representative dot plots are shown. (**h**) The graphs display the statistical analysis of the frequency and number of ETPs among total thymocytes. (**i**) Short-term thymic homing assay in WT and *Tcra*^−*/*−^, and *Lta*^−*/*−^*Light*^−*/*−^ and *Tcra*^−*/*−^ mixed bone marrow chimeric mice. The frequency and number of donor-derived lineage-negative cells among total thymocytes were analysed by flow cytometry. The data are representative of at least two independent experiments with three or more mice per group in each experiment. Error bars represent s.e.m. Asterisks mark statistically significant difference (\**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 determined by two-tailed unpaired Student\'s *t*-test).](ncomms12369-f3){#f3}

![Ly6C^−^Selp^+^ thymic ECs are the specialized population associated with perivascular spaces and immigrating progenitor cells.\
(**a**) Flow cytometric analysis of P-selectin and Ly6C expression on thymic ECs from WT mice, gated on the CD45^−^EpCAM^−^CD31^+^ cell population, as shown in [Supplementary Fig. 7a](#S1){ref-type="supplementary-material"}. (**b**) Immunofluorescence analysis of Ly6C (green) expression on CD31^+^ (red) thymic ECs associated with perivascular spaces, which were defined with double-basement membrane staining of collagen IV (cyan). Scale bars, 20 μm. (**c**) Statistical analysis of the distribution of Ly6C^−^CD31^+^ thymic ECs in PVS and non-PVS areas. (**d**) Statistical analysis of the percentages of PVS or non-PVS associated with Ly6C^−^CD31^+^ thymic ECs. (**e**) Representative images showing the location of thymic seeding progenitor cells (CD45.2^+^, circled red) closer to Ly6C^−^ vessels. Scale bars, 20 μm. The data are representatives of at least three independent experiments (**a**,**b**,**e**); for statistical analysis (**c**,**d**), \>40 fields (× 100) containing at least six non-PVS- or PVS-associated vessels from six WT mice were included for analysis. Error bars represent s.e.m. Asterisks mark statistically significant difference (\*\*\**P*\<0.001 determined by two-tailed unpaired Student\'s *t*-test).](ncomms12369-f4){#f4}

![LTβR signalling and T cells are required for the development and homeostasis of Ly6C^−^Selp^+^ thymic ECs.\
(**a**,**b**) Flow cytometric analysis of the thymic EC subsets in *Ltbr*^−/−^ and littermate control mice. The ECs were gated on the CD45^−^EpCAM^−^CD31^+^ population, as shown in [Supplementary Fig. 7a](#S1){ref-type="supplementary-material"}. (**a**) Representative dot plots are shown. (**b**) The graph displays the statistical analysis of the frequency of each endothelial subset. (**c**--**e**) Six-day-old neonatal WT mice were treated with LTβR agonistic antibody (clone 9B10) or control antibody twice with an interval of 5 days between treatments; the thymic EC subsets were analysed by flow cytometry. (**c**) Representative dot plots are shown. The graph displays the statistical analysis of the frequency of each endothelial subset (**d**) and the ratio of Ly6C^−^Selp^+^ and Ly6C^−^Selp^+^ thymic ECs (**e**). (**f**,**g**) Adult WT mice (4--6 weeks old) were treated with LTβR-hIgG or hIgG once a week for 4 weeks; the thymic EC subsets were analysed by flow cytometry. (**f**) Representative dot plots are shown. (**g**) The graph displays the statistical analysis of the frequency of each endothelial subset. (**h**,**i**) Flow cytometric analysis of the thymic EC subsets in WT and *Tcra*^−/−^ mice. The thymic ECs were gated on the CD45^−^EpCAM^−^CD31^+^ population. (**h**) Representative dot plots are shown. (**i**) The graph displays the statistical analysis of the frequency of each endothelial subset. The data are representative of at least two independent experiments with three or more mice per group in each experiment. Error bars represent s.e.m. Asterisks mark statistically significant difference (\**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 determined by two-tailed unpaired Student\'s *t*-test).](ncomms12369-f5){#f5}

![LTβR is required for thymic regeneration upon injury.\
(**a**) Short-term thymic homing assay in WT and *Ltbr*^−/−^ mice on SL-TBI. The frequency of donor-derived lineage-negative cells was analysed by flow cytometry. (**b**) The total thymic cellularity of WT and *Ltbr*^−/−^ mice 4 weeks after thymic injury induced by SL-TBI. (**c**) The number of developing thymocyte subsets in WT and *Ltbr*^−/−^ mice 4 weeks after thymic injury induced by SL-TBI. The data are representative of at least two independent experiments with three or more mice per group in each experiment. Error bars represent s.e.m. Asterisks mark statistically significant difference (\**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 determined by two-tailed unpaired Student\'s *t*-test).](ncomms12369-f6){#f6}
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